The effects of low dosage sodium sulfite (Na 2 SO 3 ) pretreatment (0, 0.6 and 1.2% on bone dry wood, pH 9) at two different refining temperatures (4.6 and 6.4 bar(g) refiner housing pressure) were evaluated for production of thermomechanical pulp with a double disc refiner in mill scale using Norway spruce wood at Braviken paper mill (Holmen Paper AB, Sweden). The sulfonate content of the pulps was not affected by the different refining temperatures and was 0.29% (as Na 2 SO 3 equivalents) for the highest sulfite addition.
Thermomechanical pulp (TMP) offers suitable pulp properties for the production of printing grade papers where optical properties and strength are important paper properties (Höglund, Wilhelmsson 1993) . For this purpose, it is desirable to produce pulp with high enough tensile strength, light scattering and brightness. However, these properties are usually positively correlated with the specific energy consumption (SEC) in the TMP-process (McDonald et al. 2004) . In order to increase tensile strength, light scattering and brightness without affecting SEC or to reduce SEC without affecting these pulp properties negatively, it is important to study the effect of different process parameters, e.g. conditions that have an influence on wood softening.
Wood softening is related to the transition of lignin from a brittle glass-like to an elastic rubber-like form, which occurs as the temperature is increased (Irvine 1985) . Another way to increase wood softening is through chemical modification of lignin, e.g. by sulfonation, which will promote the transition of lignin to the more elastic form at lower temperatures (Atack et al. 1978) . Becker et al. (1977) related the temperature for wood softening to the modulus and internal friction of wood and postulated that the optimal refining temperature should be found where the viscoelastic energy absorption is highest, at the maximum of modulus×internal friction. Furthermore, Becker et al. (1977) showed that the optimal refining temperature is dependent on refining frequency and is increased by 12°C when the frequency is increased by one order of magnitude in the longitudinal direction. Later, Salmén and Fellers (1982) suggested that the correlation between refining efficiency and the temperature for maximum viscoelastic energy absorption proposed by Becker et al. (1977) could have been a coincidence and that the temperature for maximum viscoelastic energy absorption instead may have offered a good compromise between the optimal temperatures for defibration and fibrillation. Salmén and Fellers (1982) found support for, that the optimal refining temperature for fibrillation was much higher than the optimal refining temperature for defibration. Höglund et al. (1997) suggested a two stage refining process with increased preheating and refiner housing temperature (160-170°C) in the second stage, where fibrillation was performed at higher temperature than defibration. This process reduced the energy consumption with about 20% when compared with a traditional TMP process where the second stage refining stage was performed at 115°C (Höglund et al. 1997) . The reduction in disc gap, due to the higher temperature in the second stage refiner has been described as an important factor for the reduction in energy consumption (Höglund et al. 1997 ). However, the higher temperature also led to a reduction in brightness of 1-2 units (% ISO) due to an increase in the light absorption coefficient (Höglund et al. 1997; Norgren et al. 2004) . Sabourin et al. (1997) reduced the retention time for chip preheating to 13 seconds, while at the same time increasing preheating and refiner housing temperature (5.9 bar(g)) and disc speed (2600 rpm) for first stage refining in pilot scale. This process modification enabled an energy reduction of ~22% at maintained strength and optical properties, when compared to the traditional TMP process with 3 minutes preheating and refining at 2.8 bar(g) at 1800 rpm. The study showed the importance of using a short preheating time when refining at elevated pressures in order to preserve both the light scattering coefficient and the pulp strength (Sabourin et al. 1997) .
Sulfonation is another way to increase wood softening without reducing the pulp brightness (Atack et al. 1978; Axelson, Simonson 1982; Nelsson et al. 2015) . Atack et al. (1978) studied wood blocks of black eastern spruce in the sulfonate content range 0.3 to 2.8% (as Na 2 SO 3 equivalents) and found that the wood softening temperature was decreased by about 2°C for every 0.1% increase in sulfonate content (as Na 2 SO 3 equivalents). Johansson et al. (1997) studied lower degrees of sulfonation of wood blocks and found that a sulfonate content of 0.19% (as Na 2 SO 3 equivalents) reduced the sheer stress by 5% and the failure energy by 10% when compared to samples with only water impregnation. Furthermore, in a recent study, Engberg et al. (2014) showed that a low degree of sulfonation at pH 9 also resulted in wood softening when measured on small wood blocks at strain rates relevant for refining by using a Split-Hopkinson device. Axelson and Simonson (1982) studied mild sulfonation of wood chips in refining and found a maximum in tensile index and light scattering at constant SEC at sulfonate content of 0.2% (as Na 2 SO 3 equivalents). Axelson and Simonson (1982) suggested that the more energy efficient refining was a result of a suitable decrease in wood softening temperature in relation to the temperature and frequency of the breaker bar section and the refining zone of the refiner used in their study.
Another explanation to the maximum in both tensile index and light scattering coefficient at a sulfur content of 0.2% (as Na 2 SO 3 equivalents) may be that the primary cell wall is sulfonated selectively when low sulfite dosages are used (Westermark et al. 1987) . Mild sulfonation has different effects on the softening temperature of the middle lamella and primary cell wall layer. The softening temperature of the primary cell wall layer is increased from a value below that of the middle lamella by sulfonation, whereas the softening temperature of the middle lamella is decreased (Östberg, Salmén 1988) . A higher protein content in the primary cell wall layer may explain the different effects (Östberg, Salmén 1988) . Johansson et al. (1997) compared the microscopic appearance of fiber-fiber fractures for wood with different sulfonate contents and were able to relate fiber surfaces where the middle lamella was almost completely removed to a sulfonate content of 0.2% (as Na 2 SO 3 equivalents). These surfaces also had very thin, threadlike fragments which were not present at higher sulfonation levels (Westermark et al. 1987; Johansson et al. 1997) .
Through the years, several studies have been performed to investigate the individual effect of wood softening through increased refining temperature or through sulfonation. However, to our knowledge the effect of refining temperature in combination with mild sulfonation has not earlier been thoroughly investigated using a mill scale refiner for the production of thermomechanical pulp intended for printing grade papers. In this study, the effect of increased wood softening through increased refining temperature in combination with mild sulfonation is studied and the effect on refiner parameters and pulp properties is thoroughly described.
Materials and Methods
A mill scale trial was conducted in the double disc TMP line (production rate 720 bone dry metric ton per day (bdt/d)) at the Braviken mill (Holmen Paper AB, Norrköping, Sweden). The raw material used was a mixture of 50% round wood and 50% saw mill chips from Norway spruce (Picea abies (L.) Karst.).
After presteaming and washing, chips were fed into the first atmospheric preheater (90°C, 15 min.) and thereafter further preheated at 1.8 bar(g) for a few seconds before compression in an Impressafiner (MSD500, Andritz), using 15 kWh/bdt , Fig 1. During the following impregnation, different dosages of sodium sulfite (Na 2 SO 3 ) were added with the impregnation liquid (0.67 m 3 /bdt) at pH 9 by mixing NaHSO 3 and NaOH into the fresh water used for impregnation. The temperature of chips leaving the impregnator was 87°C and the retention time in the following second atmospheric preheater (no steam added) was ~8 minutes. Thereafter, chips were fed through a plug screw to the pressurized refiner feeding system where they were preheated at 4.8 bar(g) (~157°C) or 6.5 bar(g) (~168°C) for ~8 seconds prior to refining. The pressurized refiner feeding system was supplied with 4.5-7.1 ton/h steam from the 12 bar(g) steam supply. The refiner housing pressure was 4.6 bar(g) (~156°C) or 6.4 bar(g) (~167°C) respectively. The refiner housing pressure was controlled by the blow line valve (after the refiner) and the addition of steam to the refiner feeding system. The pressure drop over the refiner was 0.10-0.15 bar. Refining was performed in a double disc refiner, RGP68DD (Valmet), counter-rotating at 2×1500 rpm with 72'' Low shive segments (Valmet, p-N72N816-817 and c-DO52B036-037). The consistency of the blow line pulps was 28-33%. Disc gap and disc gap temperature was measured with a TDC sensor (Valmet) located a radius of 810 mm in the refiner.
Pulp samples were collected from the blow line directly after the double disc refiner for each setting of refining energy (1700-2160 kWh/bdt), refining housing pressure (4.6 and 6.4 bar(g)) and dosages of Na 2 SO 3 (0, 0.6 and 1.2% on bone dry wood). Five pulp samples were collected during 15 minutes and thereafter mixed to produce a composite sample for each process setting. The refiner production rate was 9.2 bdt/h. The specific energy of the specific electrical energy consumption of consumption is presented as "total SEC" which is the sum compression prior to impregnation (~15 kWh/bdt) and refining (1700-2160 kWh/bdt). Pulp samples were analyzed with the following methods/instruments: Hot disintegration (ISO 5263-3), fiber length and shives content (PulpEye, PulpEye AB, Sweden), Canadian standard freeness (ISO 5267-2), Rapid Köthen lab sheet (ISO 5269-2, DIN 54358), density (ISO 534), tensile index (ISO 1924-2), tear index (ISO 1974) , sulfur content (SCAN-CM 57:99), brightness (ISO 2470) and spectral measurements (360-740 nm) of R 0 and R ∞ (Minolta CM-3630). The light scattering and absorption coefficients were calculated from the diffuse reflectance factors R 0 and Rusing the Kubelka-Munk model (Kubelka, Munk 1931; Kubelka 1948) according to ISO 9416.
The internal fiber development was measured according to Fernando and Daniel's (2010) method of Simons' staining. Ten grams (bone dry) of each pulp was washed with 10×1 liters of water in a Britt dynamic drainage jar (BDDJ) using a 30 mesh wire to remove fines prior to the Simons' staining measurement. Two hundred fibers from each pulp were classified in three categories: none, low and high degree of delamination and internal fibrillation (D/IF) of the fibers.
The sulfonate content was determined for two types of pulp samples: 1) For pulps directly after sampling: 200 gram of the pulp was immediately submerged in 10 liter of cold water after collection from the blow line in order to stop further sulfonation, the pulps were then dewatered and dried before analysis; 2) For pulps used for producing lab sheets: these pulps were not cooled after sample collection, but after hot disintegration, pulps were dewatered and dried before analysis.
Results and discussion
Chips were impregnated with low dosages of sodium sulfite (0.0, 0.6 and 1.2% on bone dry wood) and refined at two different temperatures (refiner housing pressures of 4.6 and 6.4 bar(g), corresponding to refiner housing temperatures of 156 and 167°C) to freeness 60-260 mL in a modern mill scale single stage double disc refiner.
Sulfonate content
The sulfonate contents of pulps that were cooled down directly after sample collection (to stop further reaction), was 0.10% as Na 2 SO 3 equivalents (7.9 µmol/g, 0.063% SO ) when charging 0.6% sodium sulfite and 0.23% as Na 2 SO 3 (18.4 µmol/g, 0.15% SO ) when charging 1.2% sodium sulfite. There was no sulfur present in pulps produced without sulfite addition and there was no difference in sulfonate contents between pulps produced at different refining temperatures. The sulfonate contents of pulps used to produce lab sheets (allowed to cool down in room temperature after sample collection) were 0.12% and 0.29% as Na 2 SO 3 for the addition of 0.6% and 1.2% sodium sulfite, respectively, resulting in conversion ratio of about 23%. The higher sulfonate contents for these pulps were a result of post-sulfonation.
Refiner disc gap
The disc gap temperature increased both when the refiner housing pressure/temperature was increased and when sodium sulfite was added to the chip impregnation, Fig 2. The increase in refiner housing pressure from 4.6 to 6.4 bar(g) corresponds to a temperature increase from 156 to 167°C for saturated steam in the refiner housing (outside the disc gap). The temperature in the disc gap was higher than that in the refiner housing, which is normal during refining and was probably a result of a restricted steam flow from the disc gap to the refiner housing. It should be noted that disc gap temperature was only measured in one position (at radius 810 mm), and a change in temperature in this position could have been a result of an increase in temperature over the entire radius and/or a change in the radial position of the pressure peak.
Increasing the refiner housing pressure from 4.6 to 6.4 bar(g) increased the disc gap temperature with 6°C, from 171.6 to 177.6°C when no sodium sulfite was added at a total SEC of 1900 kWh/bdt, Table 1 . The temperature increase corresponds to a pressure increase of 1.3 bar (for saturated steam), which was smaller than the pressure increase of 1.8 bar in the refiner housing. The difference can be explained by a lower production of steam in the disc gap at the higher pressure/temperature since a larger part of the refining energy was used to heat water and wood up to a higher boiling point. Another explanation may be that the lower volume of steam at higher pressure led to a more effective evacuation of steam from the disc gap into the refiner housing. The addition of 0.6 and 1.2% Na 2 SO 3 increased the disc gap temperature by about 1 and 2°C, respectively, Fig 2. The increase in disc gap temperature due to addition of sodium sulfite was similar at both refiner housing pressures.
In addition to an increase in disc gap temperature, the disc gap was also reduced by both increased refiner housing pressure and addition of sodium sulfite, Fel! Hittar inte referenskälla. and Table 1 . The addition of 0.6% sodium sulfite led to a similar reduction in disc gap as the increase in refiner housing pressure from 4.6 to 6.4 bar(g). The reduction in disc gap can be explained by softer fibers and lower steam volume at the higher temperature and pressure in the disc gap, cf. Table 1 (Höglund et al. 1997) . The reduction in disc gap due to sulfonation can probably also explain the increase in disc gap temperature when sodium sulfite was added. The smaller disc gap restricted the steam flow in the disc gap and therefore increased both pressure and temperature in the disc gap, Table 1 .
The pressure in, and steam flow to the pressurized refiner feeding system are presented in the bottom of Table 1 . It was necessary to increase the steam flow to the refiner feeding system in order to reach the higher pressure (6.5-6.6 bar(g)). The increase in steam flow led an increase in condensation of steam in the refiner feeding system. This led to slightly lower consistencies for the blow line pulps produced at the higher refining pressure, when compared to pulps produced at the lower pressure Table 1 .
Strength properties
Tensile index of pulps produced at constant SEC were increased both by increased refiner housing pressure and by addition of sodium sulfite, Fig 4a. The increase in refiner housing pressure (from 4.6 to 6.4 bar(g)) combined with addition of sodium sulfite (1.2%) increased tensile index by ~12 Nm/g.
To accurately assess the individual effects of sulfite addition and refining temperature on tensile index, multiple linear regression was used to produce a statistical model, Appendix 1. Fig 4b shows the model which had a good fit with measured values with an r 2 -value of 96%. There was no significant interaction effects between SEC, refiner housing pressure and sulfite addition on tensile index, which means that the effects were additive. From the model it was possible to extract the individual effect of each parameter on tensile index and to relate that effect to energy consumption, as shown in. The increase in tensile index of ~12 Nm/g, resulting from increased refiner housing pressure (from 4.6 to 6.4 bar(g)) and addition of sodium sulfite (1.2%), corresponded to a reduction in SEC of ~380 kWh/bdt to equal tensile index. An energy reduction of 380 kWh/bdt corresponded to 18% at the highest energy level (~2160 kWh/bdt) and 22% at the lowest energy level (~1700 kWh/bdt). The increase in tensile index was similar to the earlier reported results from this TMP line when increasing the refining temperature (Muhić et al. 2010) or adding sulfite (Nelsson et al. 2015) separately. 
Fiber properties
The amount of shives in blow line pulps was effectively reduced when sodium sulfite was added, Fig 5a . Shives levels were reduced by approximately 50% when compared at equal SEC. The increase in refiner housing pressured did not significantly affect the shives content. The fiber length was reduced by approximately 0.1 mm at the highest refining energy level (~2160 kWh/bdt) when the refiner housing pressure was increased and sodium sulfite added, Fig 5b. This was probably caused by the reduction in disc gap; more severe fiber shortening occurred at the lowest disc gaps. However, when compared at a constant tensile index, fiber length was increased by both increased refiner housing pressure and sodium sulfite addition. The tear index at constant tensile index was not affected by an increased refiner housing pressure or addition of sodium sulfite, data not shown.
Simon´s staining was performed on the fiber fraction (BDDJ, >30 mesh) of all pulps in order to determine the degree of delamination and internal fibrillation (D/IF) of the fibers (Fernando, Daniel 2010) . The percentage of fibers with high D/IF is here used as an indicator for the degree of internal fiber development. Simons´ staining measures accessibility of the interior surfaces in fiber cell walls through selective staining of fibers containing pores larger than 5 nm (Yu et al. 1995) . Internal fiber development (i.e. wall D/IF) has earlier been shown to correlate positively with fiber flexibility and whole pulp tensile index (Stone et al. 1968; Fernando et al. 2011; Fernando et al. 2013; Nelsson et al. 2015) .
All three process parameters studied (SEC, refining temperature and sodium sulfite addition) had an effect on the degree of D/IF. Higher SEC, refining temperature and sodium sulfite addition led to higher percentage of fibers with high D/IF. Similar results for the effects of SEC and refining temperature (Fernando et al. 2011 ) and of SEC and sodium sulfite addition (Nelsson et al. 2015) The pulps produced with 1.2% sodium sulfite and the pulps produced with 0.6% sodium sulfite at high refiner housing pressure had higher percentage of fibers with high D/IF compared to the other pulps at similar SEC.
As expected from previous studies (Fernando et al. 2011; Nelsson et al. 2015) , tensile index of whole pulps correlated with the percentage of fibers with high D/IF ,  Fig 6b. The correlation had an r 2 -value of 80%, which was similar to that obtained in earlier studies (Fernando et al. 2011; Nelsson et al. 2015) . The correlation gives further support for the hypothesis earlier proposed by Nelsson et al. (2015) , that an increased fiber flexibility and collapsibility, seen as an increased percentage of fibers with high D/IF, is an important factor for the increased tensile index of mildly sulfonated pulps.
Optical properties
The brightness increased 2-3% ISO by addition of sodium sulfite and was slightly reduced ≤0.4% ISO by increased refiner housing pressure, Fig 7a. The changes were primarily caused by changes in the light absorption coefficient, k 460 , which was slightly increased by increased refining temperature and decreased by addition of sodium sulfite, Fig 7b. The light scattering coefficient, s 460 , was not significantly affected by an increased refining temperature for non-sulfonated pulps , Fig 7c. However, when sodium sulfite was added, there was a lager difference in light scattering between pulps produced with different refiner housing pressures, with higher light scattering coefficient for the pulps produced with the higher pressure, when compared at similar SEC. The pulp produced with 0.6% sodium sulfite addition at the higher refiner housing pressure using ~1900 kWh/bdt had similar light scattering coefficient and 2% ISO higher brightness compared with the reference pulp, produced without sulfite using the lower pressure at similar SEC. There was a decreased in s 460 for the pulps with the highest sodium sulfite dosage (1.2%) and the low refiner housing pressure (4.6 bar(g)). However, the measurement error for the pulp (1.2%, 4.6 bar(g)) with the highest SEC was large which may have influenced the s 460 -value for this pulp.
Kubelka-Munk modeling was used to calculate s λ and k λ from the reflectance factors R 0λ and R ∞λ in the wavelength region 360-720 nm. It was not possible to calculate reliable values for s λ and k λ below 440 nm due to strong light absorption at these wavelengths, which is known to give incorrect s λ and k λ values (cf. Rundlöf, Bristow 1997; Karlsson et al. 2012) . The intrinsic reflectance factor R ∞λ was therefore primarily used to identify the effects of sulfonation and refiner housing pressure. In order to remove the effect of difference in SEC between different pulps, the values for R 0λ , R ∞λ , s λ and k λ were interpolated to 1900 kWh/bdt (at each measured wavelength). These values were then used to calculate the delta values shown in Fig 8b, c and e-h. The intrinsic reflectance factor R ∞λ , Fig 8a, had a normal shape for mechanical pulps, with low values at shorter wavelengths due to high light absorption at these wavelengths originating from chromophores in lignin (Norrström 1969; Hon, Glasser 1979) .
The effect of sodium sulfite addition on R ∞λ was isolated in Fig 8b, where spectra for pulps produced without sodium sulfite addition was subtracted from spectra of pulp with different sulfite additions at the two different refiner pressures. Addition of 0.6% sodium sulfite gave a broad peak in the spectrum with a maximum at 490-500 nm, independently of refiner housing pressure. Since the s-values were lower for the Fig 7 -(a) Brightness, (b) light absorption coefficient (k) at 460 nm and (c) light scattering coefficient (s) at 460 nm vs. total specific energy consumption (SEC). Error bars in (b) and (c) shows measurements from two different set of lab sheets that were used to calculate the average value for the data points. Some error bars are hidden behind its data point. pulps produced with sodium sulfite, and the spectra for s λ ,  Fig 8d and e, were linear at these wavelengths, it is safe to assume that the increase in R ∞λ , the peak at 490-500 nm, is a result of a reduction in k λ , Fig 8g, resulting from removal of chromophores with absorption maxima in this region.
One type of chromophore that can be affected by sulfonation are substituted ortho-quinones (Gellerstedt 2009) , that have maximum absorption at wavelengths around 500 nm in solid-state (Zhang, Gellerstedt 1998) . When the sodium sulfite dosage was increase to 1.2%, the peak at 490-500 nm increased and a new peak at 390 nm emerged in the difference spectrum , Fig 8b. Under the prerequisite that s λ continues in a linear manner for wavelengths below 440 nm, the peak at 390 nm could be associated with the removal of coniferaldehyde chromophores that absorb light around 400 nm in solid state (Gellerstedt 2010) . Further, para-quinones have absorption maxima close to 400 nm in solid-state (Gellerstedt 2010) and these structures are known to react with bisulfite/sulfite (Lundquist et al. 2007) .
It should be noted that an increase in the intrinsic reflectance factor due to addition of sodium sulfite, ∆R ∞λ in Fig 8b, is not direct proportional to the light absorption of removed chromophores. The removal of chromophores with a certain amount of light absorption will result in a much larger ∆R ∞λ at wavelengths where R ∞λ of the reference pulp is high. Hence, the maximum at 390 nm for ∆R ∞λ , when 1.2% sodium sulfite was added, is associated with removal of chromophores with a larger amount of light absorption than for the maximum at 490-500 nm, despite the similar height of these maxima, Fig  8b. This explains why there was no apparent, corresponding minimum for ∆k λ at 490-500 nm, since this location is at the beginning of the much larger minimum, corresponding to the maximum in ∆R ∞λ at 390 nm. However, the slope of ∆k λ around 490-500 nm indicate the existence of a concealed minimum which becomes visible when studying the first derivate of ∆k λ .
The effect of increased refiner housing pressure on the optical spectra of pulps was small compared to the effect of adding sodium sulfite, Figs 8c, f and h. The effects were an increase in ∆swhen the refiner housing pressure was increased for pulps produced with 0.6 and 1.2% addition of sodium sulfite, Fig 8f, and a slight increase in ∆k when the refiner housing pressure was increased, Fig 8h. This resulted in a slightly larger reduction in ∆R ∞ when the refiner housing pressure was increased without addition of sodium sulfite, compared with pulps produced with sodium sulfite addition, Fig 8c. 
Final comments
Both increased refiner housing pressure and sulfite addition increased wood softening and tensile index of pulps at certain SEC. There was however some differences in the effect on other pulp properties when using the two different methods to increase wood softening. Addition of sodium sulfite reduced the shives content and slightly decreased the light scattering coefficient at certain SEC while increase in refiner housing pressure did not significantly affect these pulp properties. An explanation for this may be that the sulfite addition increased the degree of wood softening prior to the breaker bar zone in the refiner more compared to when the refiner housing pressure was increased. Chips were preheated in the double disc feeding system for ~8 sec at 11°C higher temperature (168 vs 157°C) when the higher refiner housing pressure was used. At the end of the feeding system, just before chips enter the refiner, a large amount of dilution water at a temperature of 35°C was added. Due to the short preheating time and the large amount of relatively cool water added, the temperature of chips entering the breaker bar zone may not have been much higher when 6.4 bar(g) was used as refiner housing pressure compared with when 4.6 bar(g) was used. However, in the refining zone, pulp was heated to about 6°C higher temperature when the higher refiner housing pressure was used. This temperature difference was enough to increase the degree of wood softening in the outer part of the refining zone which, in combination with the lower steam volume, led to a reduction in the disc gap and probably to more intense refining at certain SEC. Another difference between using increased refiner housing pressure or sulfite addition to increase wood softening was the effect on pulp brightness. The brightness increased 2-3% ISO by addition of sodium sulfite and was slightly reduced ≤0.4% ISO by increased refiner housing pressure. The combination of 6.4 bar(g) refiner housing pressure and addition of 0.6% sodium sulfite was found to be an interesting combination to increase wood softening during refining. This combination led to increased tensile index and reduced shives content, without darkening the pulp or reducing light scattering at certain specific electric energy consumption, Table 3 .
The addition of sodium sulfite and increased refining temperature increased tensile index of pulps at certain SEC, Fig 4a. The increase in tensile index would enable a reduction in SEC of ~380 kWh/bdt (18-22%) to equal tensile index when pulps are produced with 1.2% addition of sodium sulfite and a refiner housing pressure of 6.4 bar(g), compared with the standard process without addition of sodium sulfite and 4.6 bar(g) refiner housing pressure. However, it would not be possible to reduce SEC by these process modifications alone without a large reduction in the light scattering coefficient, Fig 9. One way to be able to utilize increased refining temperature and sulfite addition to reduce energy consumption without reducing light scattering of the paper would be to combine these process modifications with an increased addition of filler at the paper machine. An increase in filler content of paper normally increases the light scattering coefficient and reduces the tensile index (Mohlin, Olander 1986) . Therefore in order to increase the filler content of a paper without getting too low tensile index, the tensile index of the pulp used must be higher. The effect of such an implementation could both be seen as a reduction in refining energy per bdt of pulp and an even larger reduction in refining energy per bdt of paper, since less amount of pulp would be used per bdt of paper. Another way to utilize increased refining temperature and sulfite addition to reduce the energy consumption without reducing light scattering would be to combine these process modifications with increase in refining intensity. It was earlier shown that chip impregnation with sodium sulfite together with increased refining intensity could reduce the energy consumption by 15% while preserving both tensile strength and light scattering of the pulp, when applied at the lower refiner housing pressure (Nelsson et al. 2014) .
Conclusions
Both addition of sodium sulfite to chip impregnation and increased refiner housing pressure reduced the refiner disc gap at constant specific energy consumption (SEC) indicating an increased wood softening. The sulfonate contents of pulps were 0.12% and 0.29% as Na 2 SO 3 equivalents for the addition of 0.6% and 1.2% sodium sulfite, respectively.
The addition of 1.2% sodium sulfite increased tensile index by 8.6 Nm/g and increasing the refiner housing pressure (from 4.6 to 6.4 bar(g)) increased tensile index by 3.2 Nm/g. The combined increase (~12 Nm/g) was similar to the effect of increasing SEC by 380 kWh/bdt (18-22%), when comparing pulps at equal tensile index.
Tensile index correlated with the percentage of fibers (>30 mesh) with high degree of delamination/internal fibrillation, which indicate the importance of fiber flexibility and collapsibility for the increase in tensile index of mildly sulfonated pulps.
The addition of sodium sulfite reduced the shives content significantly, whereas increased refiner housing pressure did not.
The addition of sodium sulfite (0.6 and 1.2%) increased brightness of pulps by about 2 and 3% ISO, respectively, by reducing the light absorption of sulfonated pulps. The increased refining temperature led to minor reductions in brightness (≤0.4% ISO) due to an increase in light absorption. Chromophores with absorption maxima at 490-500 nm were removed when sodium sulfite was charged indicating removal of ortho-quinones. At a higher sodium sulfite charge (1.2%), chromophores with an absorption maxima at about 390 nm was additionally removed probably due to removal of coniferaldehyde and/or para-qunonoid structures.
The light scattering coefficient at constant tensile index was lower for pulps produced with increased refining temperature and addition of sodium sulfite. An implementation together with increased filler content in paper or increased refining intensity could, however, probably enable production of paper with similar tensile index and light scattering coefficient at lower SEC.
